Abstract-In this paper, we investigate the downlink performance of dense cellular networks with elevated base stations (BSs) using a channel model that incorporates lineof-sight (LOS)/non-line-of-sight (NLOS) propagation into both small-scale and large-scale fading. Modeling LOS fading with Nakagami-m fading, we provide a unified framework based on stochastic geometry that encompasses both closest and strongest BS association. This paper is particularized to two distancedependent LOS/NLOS models of practical interest. Considering the effect of LOS propagation alone, we derive closed-form expressions for the coverage probability with Nakagami-m fading, showing that the performance for strongest BS association is the same as in the case of Rayleigh fading, whereas for closest BS association it monotonically increases with the shape parameter m. Then, focusing on the effect of elevated BSs, we show that network densification eventually leads to near-universal outage even for moderately low BS densities: in particular, the maximum area spectral efficiency is proportional to the inverse of the square of the BS height.
strongest BS association, i.e., when each UE is associated with the BS with the highest signal-to-interference-plus-noise ratio (SINR). Nevertheless, most prior performance analyses assume simple models-mostly for tractability reasons-in which i) BSs are located according to a homogeneous Poisson point process (PPP) and are placed at the same height as the UEs, and ii) the signal propagation is modeled using the standard single-slope pathloss and the Rayleigh distribution for the small-scale fading.
In parallel with UDNs coming to prominence, there has been a growing interest in devising increasingly realistic models for their system-level performance evaluation. In this respect, [7] studies the impact of dual-slope pathloss on the performance of downlink UDNs and shows that both coverage and throughput strongly depend on the network density. In [8] and [9] , stochastic geometry based frameworks for millimeter wave and pathloss with line-of-sight (LOS) and non-line-of-sight (NLOS) propagation are proposed. More comprehensive models can be found in [10] [11] [12] [13] , where the pathloss exponent changes with a probability that depends on the distance between BSs and UEs. Under such models, the throughput does not necessarily grow monotonically with the BS density due to the different scaling of desired signal and interference; this is further investigated in [14] , where the effect of shutting down idle BSs is taken into account. Moreover, coverage and rate scaling laws in UDNs are derived in [15] using regular variation theory and extreme value theory. Lastly, [16] introduces an approximation that allows to obtain simpler expressions with the above mentioned models while incorporating blockage effects and non-isotropic antenna patterns.
Several previous works effectively capture the effect of LOS propagation on the large-scale fading (i.e., the pathloss), although they do so by modeling the small-scale fading using the Rayleigh distribution. This assumption is justified for NLOS propagation and is widely adopted mainly due to tractability. However, when the BS density increases, assuming NLOS for the received signal may not be realistic, significantly altering the coverage and throughput performance; in fact, it is commonly accepted that LOS propagation is subject to Rician fading. In addition to modifying the pathloss exponent according to a distance-dependent probability function, [1] , [17] , [18] consider varying the small-scale fading distribution as well and use Nakagami-m fading to model LOS propagation conditions. Likewise, previous studies often neglect the possible difference in height between BSs and UEs, which implicitly sets a limit on how close UEs can be to their serving BSs regardless of the BS density. The practically relevant case of elevated BSs has been recently incorporated into the discussion on network densification in [19] , where the detrimental effect of the elevation difference between BSs and UEs was shown, together with the existence of an optimal BS density. Furthermore, [20] proposes a stretched exponential pathloss model suitable for short-range communication and considers a minimum link distance of 5 m due to the difference in elevation between BSs and UEs.
A. Contributions
The overall contribution of this paper broadens prior studies on network densification by investigating the downlink performance of UDNs under a system model that combines elevated BSs and dual-slope LOS/NLOS propagation affecting both small-scale and large-scale fading. More specifically, the main contributions are as follows:
• Modeling Rician fading by means of Nakagami-m fading, we propose a general framework based on stochastic geometry that accommodates both closest and strongest BS association; as performance metrics, we consider the coverage probability and the potential throughput.
In addition, we particularize our study to two practical distance-dependent LOS/NLOS models, i.e., the widely used 3GPP model and a newly proposed model with randomly placed buildings.
• Considering the effect of LOS propagation alone, we derive closed-form expressions of the coverage probability with Nakagami-m fading and provide useful asymptotic trends. Interestingly, the coverage probability for strongest BS association is the same as in the case of Rayleigh fading, whereas for closest BS association it monotonically increases with the shape parameter m until it converges to the value obtained for strongest BS association. In general, the performance turns out to be dominated by the pathloss and is marginally affected by the small-scale fading.
• Considering the effect of elevated BSs alone, we characterize the interference power and derive both closed-form (for closest BS association) and integral (for strongest BS association) expressions of the coverage probability and the optimal BS density. In particular, we show that the maximum area spectral efficiency is proportional to the inverse of the square of the BS height. Indeed, the BS height proves to be the most prominent factor in degrading the system performance, since it leads to nearuniversal outage regardless of the other parameters and even at moderately low BS densities. We note that the proposed general framework allows to perform a more fine-grained analysis with respect to our previous works [1] , [2] and to provide new results on the impact of the different aspects affecting network densification.
The remainder of the paper is structured as follows. Section II introduces the system model. Section III provides expressions for the coverage probability using general distance-dependent LOS/NLOS models. Section IV analyzes the effect of Nakagami-m fading, whereas Section V focuses on the impact of BS height. In Section VI, numerical results are reported to corroborate our theoretical findings and to quantify the individual and combined effect of each of the above factors. Finally, Section VII summarizes our contributions and draws some concluding remarks.
II. SYSTEM MODEL

A. Network Model
We consider a dense downlink cellular network, in which the location distribution of the single-antenna BSs 1 is modeled according to a marked PPP
The underlying point process {x i } ⊂ R 2 is a homogeneous PPP with density λ, measured in [BSs/m 2 ], and the mark g x i ∈ R + represents the channel power fading gain from the BS located at x i to a randomly chosen downlink UE referred to as typical UE, which is located at the origin of the Euclidean plane. In this setting, the employment of PPPs allows to capture the spatial randomness of realworld UDN deployments (often not fully coordinated) and, at the same time, obtain precise and tractable expressions for system-level performance metrics [5] , [21] ; considering more involved random spatial models goes beyond the scope of this paper. The UEs, also equipped with a single antenna, are distributed according to some independent and homogeneous point process u (e.g., PPP) whose intensity λ u is sufficiently larger than λ in order to ensure that each BS is active, i.e., it has at least one UE associated within its coverage. The typical UE is associated with a serving BS following one of the BS association policies described in Section II-C; the remaining BSs are thus interfering BSs. Lastly, we assume that all BSs are elevated at the same height h ≥ 0, measured in [m] , whereas the typical UE is at the ground level; alternatively, h can be interpreted as the elevation difference between BSs and UEs if the latter are all placed at the same height.
B. Channel Model
Let r x x denote the horizontal distance between x and the typical UE, measured in [m] . We consider a distancedependent LOS probability function p LOS (r x ), i.e., the probability that a BS located at x experiences LOS propagation depends on the distance r x . Therefore, we use LOS {x ∈ : x in LOS} and NLOS \ LOS to denote the subsets of BSs in LOS and in NLOS propagation conditions, respectively. We remark that each BS is characterized by either LOS or NLOS propagation independently from the others and regardless of its operating mode as serving or interfering BS.
The propagation through the wireless channel is characterized as the combination of pathloss attenuation and small-scale fading. 2 For the former, we adopt the standard power-law pathloss model and define the pathloss functions
For the latter, we assume that the channel amplitudes are Nakagami-m distributed for LOS propagation conditions and Rayleigh distributed for NLOS propagation conditions. Observe that the commonly used Rician distribution is well approximated by the more tractable Nakagami-m distribution with the shape parameter m computed as m (K + 1) 2 /(2K + 1), where K is the Rician K -factor representing the ratio between the powers of the direct and scattered paths. 3 Hence, the channel power fading gain g x follows the Gamma distribution m,
LOS , with complementary cumulative distribution function (CCDF) given bȳ
where the last equality holds when the shape parameter m is an integer; on the other hand, g x follows the exponential distribution exp(1) if x ∈ NLOS and its CCDF F NLOS (z) can be obtained fromF LOS (z) in (1) by simply setting m = 1. Although the shape parameter m should intuitively depend on the link distance, a fixed value of m is considered here for analytical tractability; in Section VI-C, it is shown that the performance obtained with a distancedependent m is very well captured by a fixed m in our UDN scenario.
C. SINR and BS Association
The SINR when the typical UE is associated to the BS located at x is given by
where the sub-index Q takes the form Q = LOS if x ∈ LOS and Q = NLOS if x ∈ NLOS , I is the aggregate interference power defined as
and σ 2 is the additive noise power. 4 For the sake of simplicity, we consider the interference-limited case, i.e., I σ 2 , and we thus focus on the signal-to-interference ratio (SIR). Our analysis can be extended with more involved calculations to the general case.
In this paper, we consider a unified framework that encompasses both closest [5] and strongest (i.e., highest SINR) [6] BS association. For this purpose, we introduce the following 3 Note that, in order to use such formulation, the value of m is rounded to the closest integer. 4 Observe that downtilted antennas can be incorporated into our framework by multiplying each signal coming from BS y ∈ by the term cos β arctan h ry − ϑ , where β depends on the vertical antenna pattern and ϑ is the downtilt angle [23] .
preliminary definitions [1] :
Note that f r x (r ) in (4) represents the probability density function (PDF) of the distance r x between the serving BS and the typical UE for closest BS association.
III. COVERAGE PROBABILITY
In this section, we provide the general expression of the coverage probability when both serving and interfering BSs independently experience LOS or NLOS propagation conditions with respect to the typical UE depending on their distance from the latter. The coverage probability is defined as the probability that the received SIR is larger than a target SIR threshold θ , i.e., P cov (θ ) P[SIR x > θ]. This metric allows to compute the potential throughput (as in [7] and [16] 
Let us use L LOS I (s) and L
NLOS
I (s) to denote the Laplace transforms of the interference when p LOS (r ) = 1 and p LOS (r ) = 0, ∀r ∈ [0, ∞), respectively, which correspond to the cases of LOS or NLOS interference:
A. General LOS/NLOS Model
We begin by considering a general expression of p LOS (r ). In this setting, the coverage probability is formalized in the following theorem.
Theorem 1: The coverage probability is given in (8) , shown at the top of the next page, where L I (s) is defined in (9) , also shown at the top of the next page, and represents the Laplace transform of the interference I in (3), with L NLOS I (s) defined in (7) .
Proof: See Appendix I-A. The result of Theorem 1 is extended to the case of multiantenna BSs in Appendix I-B for closest BS association.
Remark 1: Due to the contribution from the interfering BSs in LOS propagation conditions, we have that (7). This can be equivalently seen from the argument of the exponential function in (9), which is always negative since α NLOS > α LOS and m ≥ 1. On the other hand, the possibility of LOS desired signal enhances the coverage probability in (8) .
Remark 2:
So far, it is not straightforward to get clear insights on how fading, pathloss, and BS height individually affect the network performance. Hence, in Sections IV and V, we separately examine the effect of Nakagami-m fading and BS height, respectively.
) denote the coverage probability in presence of NLOS (resp. LOS) propagation. The following corollary provides the asymptotic trends of the coverage probability in (8) .
Corollary 1: Assume that the LOS probability function p LOS (r ) is monotonically decreasing with r . Then, the following hold:
Proof: (a) Since the average distance between the typical UE and the nth nearest BS is proportional to
, when λ → 0 we have LOS = ∅ almost surely. (b) Likewise, when λ → ∞, the serving BS is in LOS propagation conditions almost surely, whereas the interference is also dominated by BSs in LOS propagation conditions.
The derivatives of the Laplace transform of the interference arise in presence of multiple signal components [24] : some examples are when the received signal is subject to Nakagami-m fading (as in (1) above and [18] ) or when multiple antennas are involved (as in Appendix I-B and [25] , [26] ). A useful upper bound for this type of expression is provided in the following proposition. 5 Proposition 1: For any L X (z) E X e −z X and N > 1, the following inequality holds:
Proof: The upper bound is based on Alzer's inequality; we refer to [25] for details.
So far we have assumed no particular expression for p LOS (r ). In Sections III-B and III-C, we introduce practical distancedependent LOS/NLOS models that are special cases of the general case characterized in Theorem 1 and that will be used 5 A lower bound with a similar expression can be also obtained; however, such bound is usually not sufficiently tight and it is thus not considered.
in Section VI when obtaining numerical results. Observe that the LOS/NLOS model presented here can be extended to a more general multi-slope model considering multiple values of both the pathloss exponent and the shape parameter m, at the cost of more involved and less insightful expressions.
B. 3GPP LOS/NLOS Model
A widely used distance-dependent LOS/NLOS model is the ITU-R UMi model [27] (referred to as 3GPP LOS/NLOS model in the following), which is characterized by the LOS probability function
Observe that, using (11), the propagation is always in LOS conditions for r ≤ 18 m. In practice, this implies that for BS densities above λ = 10 −2 BSs/m 2 and closest BS association, the probability of LOS coverage is very close to one and, as a consequence, some NLOS terms in (8)- (9) can be neglected. Following this line of thought, a simplified LOS/NLOS model that is suited for analytical calculations can be obtained by means of the LOS probability function
with D being the critical distance below which all BSs are in LOS propagation conditions. 6 The system performance resulting from (12) with D = 18 m in terms of coverage probability very accurately approximates that obtained with the original 3GPP LOS probability function (11) , as shown by the numerical results in Section VI. In this scenario, the coverage probabilities for closest and strongest BS association, given in the general form (8), simplify to (13) and (14), respectively, shown at the top of the page, with (7) and L I (s) defined in (15) , also shown at the top of the page. The coverage probabilities (13)- (14) can now be evaluated via numerical integration and differentiation, although the latter can be cumbersome in practice, especially for large values of m. Thus, to make numerical evaluation more efficient, one can use Proposition 1 to obtain tractable upper bounds with no derivatives.
C. LOS/NLOS Model With Randomly Placed Buildings
In this section we propose a practical model for p LOS (r ) that takes into account the combined influence of the link distance and the BS height through the probability of the link being blocked by a building. Other options exist in the literature: for instance, in [28] , the BS height, the link distance, and the pathloss exponent are related through the effect of the groundreflected ray.
Given a BS located at x, we assume that buildings with fixed height h, measured in [m] , are randomly placed between x and the typical UE. If the straight line between the elevated BS at x and the typical UE does not cross any buildings, then the transmission occurs in LOS propagation conditions; alternatively, if at least one building cuts this straight line, then the transmission occurs in NLOS propagation conditions. A simplified example is illustrated in Figure 1 . Note that, in this context, the probability of x being in LOS propagation conditions depends not only on the distance r x , but also on the parameter τ min h h , 1 . More precisely, the LOS probability corresponds to the probability of having no buildings in the segment of length τr x next to the typical UE.
If the location distribution of the buildings follows a onedimensional PPP with density λ, measured in [buildings/m], the LOS probability function is given by p LOS (r x , τ ) = e − λτ r x . In this setting, p LOS (r x , τ ) = 1 (all links are in LOS propagation conditions) when λ = 0 or h = 0, whereas p LOS (r x , τ ) = 0 (all links are in NLOS propagation conditions) when λ → ∞. The advantage of this model is that it has only one tuning parameter, i.e., the building density λ in the line connecting transmitter and receiver. 7 In Section VI, we will numerically illustrate the effect of different building densities and comment on the interplay between LOS/NLOS desired signal and interference. 7 Rectangular obstacles randomly distributed in a two-dimensional space are considered in [22] , whereas the cumulative effect of multiple obstacles is studied in [29] .
IV. THE EFFECT OF LOS FADING
In this section, we consider the effect of LOS propagation alone by extending the framework proposed in in [5] and [6] to the case of Nakagami-m fading. In doing so, we fix p LOS (r ) = 1, ∀r ∈ [0, ∞) so that all signals from both serving and interfering BSs are subject to Nakagami-m fading. Furthermore, we consider a single pathloss exponent α and we neglect the BS height by fixing h = 0: under this setting, we have LOS (r, h) = NLOS (r, h) = r −α . Hence, the results derived in this section implicitly assume non-elevated BSs; in turn, we make the dependence on the shape parameter m explicit in the resulting expressions of the Laplace transform of the interference and coverage probability.
Let us introduce the following preliminary definitions:
with 2 F 1 (a, b, c, z) denoting the Gauss hypergeometric function. In addition, we introduce the notation (z) k
Proposition 2: For LOS propagation conditions, the Laplace transforms of the interference for closest and strongest BS association are given by
respectively, with η(s, m, r ) and ζ(m) defined in (16)- (17) . For NLOS propagation conditions, the Laplace transforms of the interference for closest and strongest BS association are given by
respectively, and the corresponding coverage probabilities can be written as
respectively. Proof: The Laplace transforms of the interference subject to Nakagami-m fading are obtained by solving (7) for closest and strongest BS association. Furthermore, the coverage probabilities in presence of Rayleigh fading can be derived from [5] , [6] , respectively.
Let
. . , z k− j +1 denote the kth complete Bell polynomial, where B k, j z 1 , z 2 , . . . , z k− j +1 is the incomplete Bell polynomial.
The following theorem provides closed-form expressions of the coverage probabilities in presence of LOS propagation, i.e., with Nakagami-m fading.
Theorem 2: For LOS propagation conditions, the coverage probability is given as follows. states that Nakagami-m fading does not affect the coverage probability with respect to Rayleigh fading: this stems from the fact that, under LOS fading, the desired signal power grows with the shape parameter m at the same rate as the interference power. The expression in Theorem 2-(a), although in closed form, is quite involved: in this respect, Corollary 2 formally characterizes the trend of the coverage probability for LOS propagation conditions and closest BS association. Remark 4: For closest BS association, Corollary 2 highlights the beneficial effect of Nakagami-m fading on the coverage probability: this stems from the fact that, under LOS fading, the desired signal power grows at a higher rate than the interference power. In addition, as the shape parameter m increases, the performance with closest BS association converges that with strongest BS association.
V. THE EFFECT OF BS HEIGHT
We now focus on the effect of BS height on the coverage probability by extending the framework proposed in [5] , [6] to the case of elevated BSs. In doing so, we set the shape parameter m = 1 and, as in Section IV, we consider a single pathloss exponent α, which yields LOS (r, h) = NLOS (r, h) = (r + h) − α 2 . Hence, the results derived in this section implicitly assume that all signals from both serving and interfering BSs are subject to Rayleigh fading. While the coverage probability for both closest and strongest BS association is independent on the BS density λ when h = 0, as can be observed from (22)- (23) (see also [5] and [6] , respectively, for details), the impact of BS height becomes visible as λ increases, as recently revealed in [19] . Therefore, we make the dependence on λ explicit in the resulting expressions of the coverage probability and the potential throughput.
A. Impact on Interference
The interference with elevated BSs is characterized here. We begin by observing that (r x , h) yields a bounded pathloss model for any BS height h > 0, since BS x cannot get closer than h to the typical UE (this occurs when r x = 0). The following lemma expresses the Laplace transforms of the interference for a fixed BS height h.
Lemma 1: For elevated BSs, the Laplace transforms of the interference for closest and strongest BS association can be written as
respectively, where L
NLOS,(C)
I
(s) and L
NLOS,(S)
I (s) are the Laplace transforms of the interference with non-elevated BSs defined in (20)-(21).
Proof: The Laplace transforms of the interference (27) and (29) can be obtained from (7) first by substituting √ t 2 + h 2 → t h and then by splitting the integration intervals in two parts; see also Appendix II-B.
Remark 5: From (27) and (29), it is straightforward to see that the interference is reduced when h > 0 with respect to when h = 0, since the original Laplace transforms are multiplied by exponential terms with positive arguments.
For strongest BS, we provide a further interesting result on the expected interference power. Recall that, for strongest BS association and for h = 0, the expected interference power is infinite [21, Ch. 5.1]. Let U (a, b, z) 
(a)
∞ 0 e −zt t a−1 (1 + t) b−a−1 dt denote Tricomi's confluent hypergeometric function and let E n (z) ∞ 1 e −zt t −n dt be the exponential integral function. A consequence of the bounded pathloss model is given in the following lemma, which characterizes the expected interference with elevated BSs for strongest BS association.
Lemma 2: For elevated BSs, the expected interference power for strongest BS association is finite and is given by
where the expected interference power from the nearest interfering BS, whose location is denoted by x 1 , corresponds to
Proof: See Appendix II-A.
B. Impact on Coverage Probability and Potential Throughput
We now focus on the effect of BS height on the coverage probability and on the potential throughput. Theorem 3 provides the coverage probabilities for a fixed BS height h.
Theorem 3: For elevated BSs, recalling the definition of η(s, m, r ) in (16), the coverage probability is given as follows. 
Proof: See Appendix II-B. Notably, for closest BS association, a closed-form expression is available; therefore, Corollary 3 gives the optimal BS density in terms of potential throughput.
Corollary 3: For elevated BS and closest BS association, let PT (C) (θ, λ) λP (C)
cov (θ, λ) log 2 (1 + θ) denote the potential throughput. Then, the optimal BS density is given by
and the maximum potential throughput corresponds to
Proof: The optimal BS density λ (C) opt is simply obtained as the solution of d dλ λP (C) cov (θ, λ) = 0. Theorem 3 unveils the detrimental effect of BS height on the system performance. In particular, (33) quantifies in closed form the degradation previously shown in [19] , whereas (35) confirms the existence of an optimal BS density from the perspective of the potential throughput. This degradation stems from the fact that the distance of the typical UE from its serving BS is more affected by the BS height than the distances from the interfering BSs and, therefore, desired signal power and interference power do not grow at the same rate as in the case with h = 0. The following corollary strengthens this claim by showing the asymptotic performance for both closest and strongest BS association. (22)- (23), the following holds:
Proof: See Appendix II-C. Remark 6: For a fixed BS height h > 0, the coverage probability monotonically decreases as the BS density λ increases, eventually leading to near-universal outage: as a consequence, the area spectral efficiency also decays to zero as λ → ∞. On the other hand, the effect of BS height becomes negligible as λ → 0. In practice, we will see in Section VI that the coverage probability and the potential throughput decay to zero even for moderately low BS densities (i.e., for λ 10 −2 BSs/m 2 ).
Remark 7: For a fixed BS density λ, the coverage probability monotonically decreases as the BS height h increases. More specifically, from Corollary 3, we have that PT
Therefore, the optimal BS height is h = 0. When serving and interfering BSs are characterized by the same propagation conditions, the optimal BS height is always h = 0. Moreover, as illustrated in Section VI, the same usually holds in the more general case where serving and interfering BSs are subject to the same distance-dependent LOS probability function (as the one described in Section III-C), which confirms the findings in [19] . However, under a propagation model where LOS interference is nearly absent (which can be obtained, for instance, by assuming downtilted antennas), a non-zero optimal BS height is expected: in fact, in this case, the desired signal would be subject to a tradeoff between pathloss (for which a low BS is desirable) and probability of LOS propagation conditions (for which a high BS is desirable).
VI. NUMERICAL RESULTS AND DISCUSSION
In this section, we present numerical results to assess our theoretical findings. In particular, we aim at answering the following
general question: what is the individual and combined effect of LOS/NLOS fading, LOS/NLOS pathloss, and BS height on the UE and network performance?
In the following, we perform Monte Carlo simulations with 5 × 10 6 iterations. Integral expressions are evaluated using Matlab, whereas the derivatives of the Laplace transform of the interference and Bell polynomials are computed using Mathematica.
A. The Effect of LOS Fading
We begin by examining the distance-dependent 3GPP LOS/NLOS model presented in Section III-B. Considering a shape parameter m = 10 (which corresponds to a Rician K -factor K 13 dB), a single pathloss exponent α = 4, non-elevated BSs (h = 0), and SIR threshold θ = 0 dB, Figure 2 illustrates the coverage probability based on the LOS probability function (11) against the BS density λ. The coverage probability based on the simplified LOS probability function (12) with D = 18 m and the corresponding upper bound, obtained by applying Proposition 1 followed by numerical integration, are also plotted. In accordance with Corollary 1, the coverage probability corresponds to the NLOS case for low BS densities (i.e., λ ≤ 10 −4 BSs/m 2 ) and to the LOS case for high BS densities (i.e., λ ≥ 10 −2 BSs/m 2 ): in particular, these two cases coincide for strongest BS association, as stated in Theorem 2-(b). Furthermore, the upper bound is remarkably tight for low BS densities and, in general, tighter for closest BS association than for strongest BS association. Now, let us consider the LOS setting of Section IV, i.e., all signals from both serving and interfering BSs are subject to Nakagami-m fading, with a single pathloss exponent α = 4, non-elevated BSs (h = 0), and SIR threshold θ = 0 dB. Figure 3 plots the coverage probability against the shape parameter of the Nakagami-m fading. Firstly, the analytical expressions derived in Theorem 2 match the numerical curves exactly. Secondly, in accordance with Corollary 2, the coverage probability for closest BS association increases with m until it approaches the (constant) value of the coverage probability with strongest BS association: in particular, the two values are approximately the same already for m = 25.
B. The Effect of BS Height
Here, we focus on the effect of BS height alone and, as in Section V, we set the shape parameter m = 1 and consider a single pathloss exponent α = 4 and SIR threshold θ = 0 dB. Figure 4 plots the coverage probability with elevated BSs against the BS density λ; two BS heights are considered, i.e., h = 10 m and h = 20 m. First of all, the analytical expressions derived in Theorem 3 match the numerical curves exactly. Interestingly, it is shown that the coverage probability decays to zero even for moderately low BS densities, i.e., at (22)- (23), are also depicted. In accordance with Corollary 4, the coverage probability with elevated BSs converges to that with h = 0 as λ → 0: this is already verified at λ 10 −5 BSs/m 2 , when the BSs are so far away from the typical UE that the effect of BS height become negligible.
In Figure 5 , we show the potential throughput with elevated BSs against the BS density λ; three BS heights are considered, i.e., h = 10 m, h = 15 m, and h = 20 m. Here, the detrimental effect of BS height on the system performance appears even more evident. As an example, considering closest BS association, the maximum potential throughput is 0.84 × Hence, in accordance with Corollary 3, doubling the BS height reduces the maximum potential throughput by a factor of four (see also Remark 7). Furthermore, it is worth noting that the BS density that maximizes the potential throughput for closest BS association, (i.e., λ (C) opt , which is derived in closed form in (35)) coincides with the optimal BS density for the case of strongest BS association: this corresponds to λ 4 × 10 −3 BSs/m 2 for h = 10 m and to λ 10 −3 BSs/m 2 for h = 20 m.
C. The General Case
In this section, we resort to the distance-dependent LOS/NLOS model with randomly placed buildings presented in Section III-C. The parameters used for obtaining the numerical results are the following: pathloss exponents α LOS = 3 and α NLOS = 4, building height h = 10 m, building densities λ = 10 −4 buildings/m and λ = 10 −1 buildings/m, and SIR threshold θ = 0 dB.
The coverage probability against the BS height h with m = 1 is illustrated in Figure 6 . First of all, we observe that the coverage probability is always monotonically decreasing for closest BS association: this is quite straightforward, since the pathloss increase due to the elevated BSs is more significant for the desired signal than for the interfering signals (which correspond to more distant BSs). On the other hand, for strongest BS association, the coverage probability may not be monotonically decreasing for h > h: in fact, a tradeoff between higher probability of the serving BS being in LOS propagation conditions and stronger pathloss for the desired signal arises when increasing the BS height (this can be observed in Figure 6 for λ = 10 −1 buildings/m and λ = 10 −3 BSs/m 2 ). Let us now consider the case of multiantenna BSs, where maximum ratio transmission (MRT) beamforming is adopted (the analytical expression for closest BS association is given in Appendix I-B). Figure 7 plots the coverage probability against the BS height h with m = 1, λ = 10 −2 BSs/m 2 , and λ = 10 −1 buildings/m. In this setting, it is evident that increasing the number of transmit antennas We now analyze the combined effect of LOS/NLOS fading, LOS/NLOS pathloss, and BS height. Considering elevated BSs with h = 20 m, Figure 8 illustrates the coverage probability and the potential throughput against the BS density λ; two shape parameters of the Nakagami-m fading are considered, i.e., m = 1 and m = 10. Observing the curves in Figure 8 , the detrimental effects on the system performance can be ranked in decreasing order of importance as follows:
1) The BS height is evidently the dominant effect, since it eventually leads to near-universal outage regardless of the other parameters and even for moderately low BS densities (cf. Figures 4-5) .
2) The LOS pathloss, which is determined by the building density, is the second most important effect: specifically, a high building density is beneficial in this setting since it creates nearly NLOS pathloss conditions, whereas a low building density leads to a nearly LOS scenario.
3) The LOS fading, also determined by the building density, has a minor impact as compared to the pathloss: in particular, for closest BS association, the coverage with m = 10 is slightly improved at low BS densities and marginally deteriorated at high BS densities with respect to the case with m = 1. Moreover, for λ = 10 −1 buildings/m and strongest BS association, we observe a peak in the coverage probability around λ = 10 −3 BSs/m 2 due to the choice of the parameters h and h.
Lastly, we consider the case where each BS x is characterized by a different distance-dependent shape parameter m(r x ) = (K (r x ) + 1) 2 /(2K (r x ) + 1) (rounded to the nearest integer), where the Rician K -factor depends on the link distance. Building on the measurements for the urban micro-cell scenario in [30, Sec. 5.4 .11], we express the Rician K -factor in dB as K dB (r ) = 13 + 0.0142r . 8 The coverage probabilities with m = 10 and with the distance-dependent m are compared in Figure 9 . The excellent matching between the two curves justifies our approach of using a fixed value of the shape parameter m: in fact, as the link distance increases, the LOS probability decreases and the impact of the increasing Rician K -factor becomes negligible.
VII. CONCLUSIONS
In this paper, we study the downlink performance of dense cellular networks with elevated BSs and LOS/NLOS small-scale and large-scale fading. We introduce a stochastic geometry based framework that accommodates both closest and strongest BS association, dual-slope pathloss, and Nakagami-m fading for the LOS small-scale fading. First, we consider two special-yet practically relevant-cases of distance-dependent LOS/NLOS models, i.e., a 3GPP inspired model and a newly proposed model with randomly placed buildings. Second, considering the effect of LOS propagation alone, we derive closed-form expressions of the coverage probability with Nakagami-m fading. Interestingly, the coverage probability for strongest BS association is the same as in the case of Rayleigh fading, whereas it monotonically increases with the shape parameter m for closest BS association. Lastly, we focus on the effect of elevated BSs and show that the maximum area spectral efficiency is proportional to the inverse of the square of the BS height. Therefore, densifying the network leads to near-universal outage regardless of the other parameters and even at moderately low BS densities.
Further extensions to this framework may include incorporating spatial models with repulsion or minimum separation between BSs (such as Ginibre and Matern processes, respectively) and clustered point processes, as well as nonhomogeneous UE distributions. Other factors affecting the per- formance of real-world networks, such as non-homogeneous BS and building heights, BS height-dependent pathloss, and downtilted antennas, can be also considered in future work.
APPENDIX I COVERAGE PROBABILITY
A. Proof of Theorem 1
The coverage probability is given by where (40) derives from the fact that Q = LOS with probability p LOS (r ) and Q = NLOS with probability 1 − p LOS (r ); recall thatF LOS (z) is the CCDF of g x for LOS propagation conditions defined in (1), whereas the CCDF of g x for NLOS propagation conditionsF NLOS (z) can be obtained fromF LOS (z) by setting m = 1. Then, the expression in (8) readily follows from
On the other hand, the Laplace transform in (9) is obtained as in (44)- (47), shown at the top of the next page, where (46) results from applying the moment generating function of the Gamma and exponential distributions to the first and second expectation terms in (45), respectively, and in (47) we have used the probability generating functional of a PPP. Finally, the expression in (9) is obtained by including (7) into (47), and this completes the proof.
B. Multi-Antenna BSs
Suppose that the BSs are equipped with N T transmit antennas and adopt MRT beamforming to serve their associated UEs. If the serving BS is located at x, the channel power fading gain g x follows the Gamma distribution N T m, 
respectively. On the other hand, the channel power gains from the interfering BSs are distributed as in Section II-B or, equivalently as in (48) 
C. Proof of Theorem 2
The proof is quite involved. Building on (8), the coverage probability in presence of LOS propagation is given by Assume that the points of are indexed such that their distances from the typical UE are in increasing order, i.e., r x i ≤ r x i+1 , ∀i = 1, . . . , ∞. For strongest BS association, the expected interference power is given by 
Solving (72) for generic i and plugging the result into (71) gives the expression on the right-hand side of (31) . On the other hand, solving (72) for i = 1 yields the expected interference power from the nearest interfering BS in (32). Evidently, since the terms in the summation in (70) are strictly decreasing with i and the dominant interference term (32) is finite, then the aggregate interference power is also finite.
B. Proof of Theorem 3
Consider the pathloss function (r x , h) = (r 2 + h 2 ) − α 2 and recall the definition of η(s, m, r ) in (16) .
(a) The coverage probability for closest BS association is derived as in (74) 
and, since (79) decays to zero as λ → ∞, so does P
(S)
cov (θ, λ) (see Appendix II-B for details).
